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mSur2, a subunit of the Mediator complex, is required for efficient mouse adenovirus type 1 (MAV-1)
replication (L. Fang, J. L. Stevens, A. J. Berk, and K. R. Spindler, J. Virol. 78:12888–12900, 2004). We examined
the contributions of early-region 1A (E1A) to mSur2 function in MAV-1 replication with E1A mutant viruses.
At a multiplicity of infection (MOI) of 1, viruses containing CR3 replicated better in Sur2�/� mouse embryonic
fibroblasts (MEFs) than in Sur2�/� MEFs. In contrast, viruses lacking CR3 replicated no better in Sur2�/�

than in Sur2�/� MEFs. This result supports the hypothesis that the E1A CR3-mSur2 interaction is important
for MAV-1 replication. However, at an MOI of 0.05, viruses lacking CR3 showed replication defects in Sur2�/�

MEFs compared to Sur2�/� MEFs, suggesting an E1A CR3 interaction-independent function of mSur2 in
MAV-1 replication in cell culture. Paradoxically, CR1�, CR2�, and CR3� mutant viruses replicated slightly
more efficiently than wild-type (wt) MAV-1 and E1A null mutant viruses in Sur2�/� MEFs at an MOI of 0.05.
Coinfection of Sur2�/� MEFs with wt MAV-1 and CR1�, CR2�, or CR3� mutant viruses rescued the defects
of wt MAV-1 replication. This result suggests that an inhibiting effect on wt E1A protein expression and/or E1A
function might account for the severe viral replication defect of MAV-1 in Sur2�/� MEFs at an MOI of 0.05.
Moreover, titrations of virus yields from infected brains of inbred strains of mice showed that E1A null and
CR3� mutant viruses had a significant defect in virus replication compared to wt MAV-1. This result supports
the hypothesis that the MAV-1 E1A-mSur2 interaction is important in MAV-1 replication in mice.

Study of mouse adenovirus type 1 (MAV-1) infection in its
natural host facilitates understanding the pathogenesis of ad-
enoviruses. MAV-1 early-region 1A (E1A) is a virulence factor
in virus infection in mice, as demonstrated by 50% lethal dose
(LD50) experiments (28). However, the molecular functions of
MAV-1 E1A in virus infection have not been fully investigated.
Previously, we showed that mSur2, a subunit of Mediator com-
plex, interacts with MAV-1 E1A conserved region 3 (CR3) and
that mSur2 is required for efficient MAV-1 replication (8). The
Mediator complex connects transcriptional regulators to the
basal RNA polymerase II transcriptional machinery and is
important for efficient transcription activation (3, 5, 34). Ex-
perimental evidence has demonstrated that an interaction be-
tween a transcription activation domain and Mediator pro-
motes transcription preinitiation complex assembly on
promoter DNA (6). The human adenovirus (hAd) large E1A
protein also binds to Sur2 via CR3 (5, 36). The conservation in
human and mouse Ads of the ability of E1A to bind to Sur2
indicates the importance of E1A CR3-Sur2 interaction in Ad
pathogenesis.

Wild type (wt) MAV-1 exhibits a replication defect in
Sur2�/� mouse embryonic fibroblasts (MEFs) in a multiplicity-

dependent manner (8). The severe virus replication defect at
low-input multiplicities of infection (MOIs) (MOI of 0.05 or
0.1) can be partially overcome by higher-input MOIs (MOI of
1 or 5). The defective viral replication is due at least in part to
a defect in virus early gene transcription. This result supports
the proposed model that Ad E1A protein transactivates viral
early genes by recruiting Mediator complex through E1A CR3-
Sur2 interaction (6, 36). In the work reported here, we further
test this model with MAV-1 E1A mutant viruses. Our data
suggest that mSur2 has broader functions in MAV-1 replica-
tion in cell culture than just binding to E1A CR3. In addition,
the defective viral replication of E1A null and CR3� mutant
viruses in inbred stains of mice supports the hypothesis that the
MAV-1 E1A CR3-mSur2 interaction is important for virus
replication in mice.

MATERIALS AND METHODS

Cells and viruses. Mouse NIH 3T6 fibroblast cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 5% heat-inacti-
vated calf serum. MAV-1 E1A-expressing 37.1 cells, derived from NIH 3T6 cells
(29), were maintained in DMEM containing 5% heat-inactivated calf serum and
200 �g of G418/ml. Details of the generation of Sur2�/� and Sur2�/� MEFs
were described previously (8). They were maintained in DMEM containing 10%
fetal bovine serum. wt MAV-1 was the standard MAV-1 stock originally obtained
from S. Larsen (1). pmE109 is an MAV-1 E1A null mutant virus; dlE105, dlE102,
and dlE106 viruses are MAV-1 E1A CR1 deletion (CR1�), CR2 deletion
(CR2�), and CR3 deletion (CR3�) mutants, respectively (29). The mutant
viruses were titrated on 37.1 cells induced by treatment with 1.25 � 10�5 M
dexamethasone (Sigma) to express E1A.

Mice. All animal work complied with all relevant federal guidelines and insti-
tutional policies. SJL/JCr (SJL) and BALB/cAnNCr (BALB/c) mice were pur-
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chased from the National Cancer Institute. 129S6/SvEvTac (129 Sv/Ev) mice
were obtained from the Taconic Company. Mice lacking the alpha/beta inter-
feron (IFN-�/�) receptor (IFNAR�/� mice) (21) are on a 129 Sv/Ev background
and were a kind gift from Kate Ryman, who originally obtained them from
Barbara Sherry (24). All mice were male and were 3 to 5 weeks old. Mice were
maintained in microisolator cages and infected with wt MAV-1, pmE109, or
dlE106 at a dose of 100 PFU by intraperitoneal (i.p.) injection in a volume of 0.1
ml of conditioned medium. Infected mice were euthanized by inhalation of CO2

at 8 days postinfection (p.i.), and the brains were harvested and stored at �20°C
until use.

Antibodies. Mouse monoclonal antibody (MAb) (MAb10B10) against MAV-1
E1A and mouse MAb (MAb11H9) against MAV-1 E3gp11k were described
previously (8). Anti-MAV-1 E1A (AKO7-147) rabbit polyclonal Abs were as
previously described (29). Mouse MAb against �-actin of Arabidopsis thaliana,
which cross-reacts with mouse �-actin, was obtained from Richard Meagher at
University of Georgia and used at a 1:500 dilution for Western blots.

Viral growth curves. Sur2�/� and Sur2�/� MEFs were infected with either wt
MAV-1 or mutant viruses at an MOI of 0.05 or 1. Plaque assays were carried out
with 37.1 cells as described previously (38). Briefly, cells were harvested at
various times p.i. by being scraped in their medium. The cell suspensions were
subjected to three cycles of freezing-thawing, and the cell debris was spun out of
the supernatant. Tenfold serial dilutions of supernatants were plated in triplicate
on 37.1 cells, and plaques were counted 9 days after plating.

Determination of virus loads in mouse brains. A total weight of 0.1 g of brain
tissue from an individual mouse was put into a tube filled with sterile glass beads
and homogenized in a volume of 1 ml of phosphate-buffered saline with a
Beadbeater (Biospec Products) running at top speed at 1-min intervals for a total
of 3 min. The homogenates were aspirated off of the beads and spun in a
microcentrifuge at 700 � g for 5 min at room temperature. The supernatants
were 10-fold serially diluted and titrated by plaque assays on 37.1 cells (38). wt
MAV-1 was used a positive control. Counts of fewer than 20 plaques per 60
mm-diameter plate were considered unreliable. Therefore, 2 � 103 PFU/g of
tissue was calculated as the detection limit.

Southern blots. Sur2�/� and Sur2�/� MEFs were infected at an MOI of 0.05
or 1 and harvested at various times p.i. by scraping the cells off the plates. Viral
DNA was isolated by the method of Hirt (12). Equal amounts of DNA samples
were digested with HindIII and RNase A and electrophoresed on a 0.7% agarose
gel. The DNA was transferred to a positively charged nylon membrane (Boehr-
inger) by capillary transfer. The membrane was prehybridized in 10 ml of Per-
fectHyb solution (Sigma) at 65°C for 2 h. Then, an MAV-1 genomic DNA-
specific �-32P-labeled probe as previously described (8) was added to 10 ml of
PerfectHyb solution to hybridize at 65°C for 5 to 18 h. The membranes were
washed and exposed to a phosphorimager (8).

RNase protection assays (RPAs). Sur2�/� and Sur2�/� MEFs were infected at
an MOI of 0.05. Total RNA was extracted with TRI reagent (Molecular Re-
search Center, Inc.) following the manufacturer’s instructions. Equimolar pools
of linearized plasmid templates were used to make an [�-32P]UTP-labeled mul-
tiplex RPA probe set with T7 or T3 polymerase transcription as described
previously (8). One probe set included MAV-1 E1A, E4, and hexon and mouse
L32 and was labeled with T7 polymerase. The other probe set included MAV-1
E3gp11K and E2A and mouse �-actin and was labeled with T3 polymerase. The
RPAs were carried out as described by Hobbs et al. (13). Briefly, 10 �g of total
RNA was hybridized with the probe sets overnight at 56°C. Saccharomyces
cerevisiase tRNA was used as a negative control in the RPAs. After digestion with
RNase A and RNase T1, samples were ethanol precipitated and electrophoresed
on 5% polyacrylamide–8 M urea gels. After the samples were dried, protected
mRNA signals were visualized with a phosphorimager, and quantitation was
performed by normalizing the mRNA species of interest to L32 or �-actin
signals.

Rescue experiment by coinfection. Sur2�/� MEFs were singly infected with wt
MAV-1 (MOI, 0.1), CR1, CR2, or CR3� (MOI, 0.1) or coinfected with wt
MAV-1 (MOI, 0.05) and CR1� (MOI, 0.05), wt MAV-1 (MOI, 0.05) and CR2�
(MOI, 0.05), or wt MAV-1 (MOI, 0.05) and CR3� (MOI, 0.05) on 100-mm-
diameter plates. As controls for infection, Sur2�/� MEFs were singly infected at
MOI of 0.1 with wt MAV-1, CR1�, CR2�, or CR3�. Cells were harvested,
pelleted, and stored at �20°C until use. The cell pellets were lysed on ice for 30
min in 20 �l of E3 lysis buffer (420 mM NaCl, 50 mM Tris-HCl [pH 7.5], 1%
NP-40) containing protease inhibitor cocktail (1:50) (Sigma) and 1 mM phenyl-
methylsulfonyl fluoride. Twenty microliters of 50 mM Tris-HCl (pH 7.5) was
added to the lysates. The lysates were centrifuged at 12,000 � g for 15 min at 4°C,
and 13 �l of 4� sample loading buffer (17) was added to the 40 �l of superna-
tants and boiled for 10 min. Fifteen microliters of each sample was analyzed by
Western blotting.

Western blots. Protein samples were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis with a 6 to 18% polyacrylamide gradient gel
and electrotransferred onto polyvinylidene difluoride membranes at 120 V for
3 h. The membranes were blocked by incubation at room temperature for 1 h in
Tris-buffered saline–Tween (150 mM NaCl, 10 mM Tris [pH 7.4], 0.1% Tween
20) containing 5% nonfat dry milk. Anti-rabbit (1:12,000 from Amersham Bio-
sciences) or anti-mouse (1:12,000 from Amersham Biosciences) immunoglobulin
G-horseradish peroxidase-conjugated antibody was used as the secondary anti-
body. Immunoblots were developed with SuperSignal West Pico chemilumines-
cent substrate (Pierce Biotechnology, Inc.).

RESULTS

Functions of mSur2 in MAV-1 E1A mutant virus replica-
tion. Infection of Sur2�/� and Sur2�/� MEFs with wt MAV-1
showed that mSur2 is required for efficient viral replication (8).
Using E1A mutant viruses, we also showed that MAV-1 E1A
is dispensable for viral replication in 3T6 cells infected at an
MOI of 5 (38). Therefore, it was of interest to test whether
mSur2 was required for E1A mutant viruses to replicate. Since
there is a multiplicity-dependent effect in Sur2�/� MEFs upon
wt MAV-1 infection (8), it was important to ensure that equiv-
alent input amounts of all the viruses were used. Accordingly,
wt MAV-1, E1A null, CR1�, CR2�, and CR3� mutants were
titrated on 37.1 cells (a complementing cell line for E1A mu-
tants) in the same experiment. To confirm equivalent input
virus in subsequent infections based on these plaque assays, we
analyzed viral gene expression by RPAs. We infected 37.1 cells
at an MOI of 0.05 with these viruses and extracted total RNAs
at 24 and 48 h p.i. As shown in Fig. 1, viral E4 and hexon gene

FIG. 1. RPA analysis of mRNA levels from equal MOI E1A mu-
tant infections. 37.1 cells were infected with wt MAV-1 (wt), E1A null
mutant, CR1�, CR2�, or CR3� at an MOI of 0.05. Total RNA was
isolated at the indicated time points. The probe lane shows the full-
length of the probe set, including MAV-1 E4, E1A, and hexon and
mouse L32. The protected probe sizes are shown by arrows for each
gene. L32 was used as an internal loading control. The wt E1A bands
detected in all samples were from 37.1 cells, which are NIH 3T6 cell
derivatives stably transfected with MAV-1 E1A (29). Quantitation with
a phosphorimager with normalization to mouse L32 confirmed that
viral gene expression levels were similar among the viruses (data not
shown). A band appears just below the hexon band, between the wt
48-h lane and the E1A null 24-h lane. Because this band spans the
space between the two lanes and was found in both the phosphorim-
ager and X-ray film exposures, it is likely an artifact that occurred when
the gel was dried.
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expression appeared similar in the wt and E1A mutant virus
infections, indicating equivalent amounts of input virus. We
confirmed this by quantitation with a phosphorimager, normal-
izing viral RNA levels to the mouse L32 gene RNA levels (data
not shown).

We performed viral growth assays to compare growth of wt
and E1A mutants on Sur2�/� and Sur2�/� MEFs. wt virus
yields were similar on NIH 3T6, 37.1, and Sur2�/� cells (L.

Fang and K. R. Spindler, data not shown); all are immortalized
MEF lines. This result suggests that infectivity of the three cell
types by MAV-1 was equivalent. We infected Sur2�/� and
Sur2�/� MEFs with wt, E1A null mutant, CR1� mutant,
CR2� mutant, or CR3� mutant viruses at an MOI of 1. We
titrated viral yields by plaque assays on 37.1 cells, and the
results are shown in Fig. 2A. There was about a 10-fold differ-
ence in wt virus yield between Sur2�/� and Sur2�/� MEFs.

FIG. 2. Growth of MAV-1 E1A mutant viruses in Sur2�/� and Sur2�/� MEFs. The indicated cell types were infected with wt MAV-1, E1A null
mutant, CR1�, CR2�, or CR3� at an MOI of 1 (A) or 0.05 (B) and harvested at the indicated times. The viral yields were determined by plaque
assays of 37.1 cells. The legend for Sur2�/� MEFs and Sur2�/� MEFs is shown at the top and is the same for all panels. The experiments were
reproduced two additional times. Error bars are only distinguishable in a few samples (e.g., CR3�, MOI 0.05); other error bars were too small to
be visualized.
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This is consistent with previous results (8). There were about
fivefold-lower yields of CR1� and CR2� viruses in Sur2�/�

than in Sur2�/� MEFs. MAV-1 E1A CR3 is required for
interacting with mSur2 (8). These data, taken together with the
wt MAV-1 result, indicate that mSur2 is important for these
viruses, which all contain CR3, to replicate. No significant
difference was detected in the yields of E1A null mutant or
CR3� viruses between Sur2�/� and Sur2�/� MEFs, indicating
that mSur2 is not required for them to replicate, at least at an
input MOI of 1. Together, the viral replication data of viruses
containing CR3 (wt, CR1�, and CR2�) and viruses lacking
CR3 (E1A null and CR3�) support the hypothesis that E1A
CR3-mSur2 interaction was important for MAV-1 replication.

We tested whether there was a multiplicity-dependent effect
in viral replication of E1A mutant viruses, as was shown pre-
viously for wt virus (8). We infected Sur2�/� and Sur2�/�

MEFs at an MOI of 0.05 and analyzed virus yields by plaque
assays of 37.1 cells. There were virus replication defects for all
strains of viruses in Sur2�/� MEFs compared to Sur2�/�

MEFs at an MOI of 0.05 (Fig. 2B). The wt MAV-1 replication
was severely restricted in Sur2�/� MEFs, since the virus yields
were the same as the level of input viruses. This was consistent
with previous results for wt MAV-1 growth in Sur2�/� MEFs
titrated on 3T6 cells (8). The E1A null mutant showed the
same severe virus replication restriction in Sur2�/� MEFs as
wt MAV-1. Yields were 1 to 2 log units lower for CR1�, CR2�,
and CR3� mutant viruses in Sur2�/� MEFs than in Sur2�/�

MEFs. These data indicate that mSur2 was important for ef-
ficient viral replication for all the E1A mutant viruses at an
MOI of 0.05. For each virus (wt and E1A mutants), the severity
of the virus replication defect in Sur2�/� MEFs at an MOI of
0.05 was partially overcome at an MOI of 1. Thus, there is a
multiplicity-dependent effect for all these viruses. However,
E1A null and CR3� mutants, which lack CR3 and therefore
lack the ability to interact with mSur2, also showed virus rep-
lication defects in Sur2�/� MEFs at an MOI of 0.05. There-
fore, E1A null and CR3� mutant viruses are dependent on
mSur2 for replication at an MOI of 0.05. But this was inde-
pendent of an E1A CR3-mSur2 interaction, since these viruses
lack CR3. Surprisingly, CR1�, CR2�, and CR3� mutant vi-
ruses replicated slightly better than wt MAV-1 and E1A null
mutant in Sur2�/� MEFs at an MOI of 0.05.

Multiplicity-dependent defects in viral DNA replication in
E1A mutant-infected Sur2�/� MEFs. wt MAV-1 infection of
Sur2�/� MEFs shows reduced accumulation of viral DNA
compared to infection of Sur2�/� MEFs (8), indicating that
mSur2 is important for viral DNA replication. To determine
whether the accumulated viral DNA levels correlated with
reduced virus yields in Sur2�/� MEFs compared to Sur2�/�

MEFs for E1A mutant infections, we infected Sur2�/� and
Sur2�/� MEFs at an MOI of 0.05 or 1 with wt MAV-1 and
E1A mutant viruses. Viral DNAs were isolated by the method
of Hirt (12), digested with HindIII, and analyzed by Southern
blotting (Fig. 3). Consistent with previous results (8), we did
not detect viral DNA in wt MAV-1-infected Sur2�/� MEFs at
an MOI of 0.05 (Fig. 3, bottom, lanes 4 to 6), and we detected
a reduced amount of viral DNA at an MOI of 1 compared to
Sur2�/� MEFs (top, lanes 4 to 6 and lanes 1 to 3). Little viral
DNA was detected in Sur2�/� MEFs infected with the E1A
null mutant at an MOI of 0.05 (bottom, lanes 16 to 18), but the

viral DNA levels were comparable between Sur2�/� and
Sur2�/� MEFs at an MOI of 1 (top, lanes 16 to 18 and 13 to
15). The defects of viral DNA accumulation in Sur2�/� MEFs
compared to Sur2�/� MEFs were more severe at an MOI of
0.05 than at an MOI of 1 for CR1�, CR2�, and CR3� mutant
viruses, respectively, although we detected low levels of viral
DNA at an MOI of 0.05. Therefore, the multiplicity-dependent
defects in viral DNA replication in Sur2�/� MEFs seen with wt
virus were also observed with E1A mutant viruses. At an MOI
of 1, we noted that viral DNA levels in Sur2�/� MEFs were
comparable to those in Sur2�/� MEFs for E1A null and CR3�
virus infection (Fig. 3, top, lanes 7 to 18). This result was
consistent with plaque assay results (Fig. 2A). The low levels of
viral DNA in Sur2�/� MEFs infected with CR1�, CR2�, or
CR3� mutant viruses at an MOI of 0.05, taken together with
the lack of viral DNA detected in Sur2�/� MEFs infected with
the wt MAV-1 or E1A null mutant, were also consistent with
virus replication data (Fig. 2).

Importance of mSur2 for viral mRNA expression in E1A
mutant infections. MSur2 is important for efficient wt MAV-1
replication, and the defect in viral replication is due at least in
part to a defect in virus early gene transcription (8). We tested
whether there was a defect in viral mRNA expression in E1A
mutant virus infections of Sur2�/� MEFs that correlated with
the virus replication and DNA accumulation defects. We in-
fected Sur2�/� and Sur2�/� MEFs with wt or E1A mutant
MAV-1 at an MOI of 0.05 and analyzed virus early genes
(E1A, E2A, E3, and E4) and one virus late gene, hexon, by
RPA (Fig. 4). We detected wt E1A only in wt MAV-1-infected
Sur2�/� MEFs at 2 and 3 days p.i. The CR1, CR2, and CR3
deletion E1A mRNAs expressed from the E1A mutant-in-
fected cells cannot be detected by the MAV-1 E1A probe in
these RPAs. The mRNA levels of all the assayed viral genes
were markedly reduced in Sur2�/� MEFs compared to
Sur2�/� MEFs for wt virus and each mutant virus, indicating
that mSur2 is important for virus gene transcription in both wt
MAV-1 and E1A mutant infections. The viral mRNA levels
were severely diminished or not detectable in Sur2�/� MEFs
upon wt MAV-1 infection, results which were consistent with
previous data (8). Similar to wt virus, there were severely
diminished or nondetectable levels of viral mRNAs in Sur2�/�

MEFs infected with the E1A null mutant. However, we de-
tected low levels of viral mRNAs, particularly E4 and hexon, in
Sur2�/� MEFs infected with CR1�, CR2�, or CR3� mutant
viruses. These data were consistent with viral replication and
viral DNA accumulation defects observed in Fig. 2 and 3.

CR1�, CR2�, and CR3� mutant viruses are able to rescue
wt MAV-1 in Sur2�/� MEFs. wt MAV-1 replication is severely
restricted and there are no detectable levels of viral DNA, viral
mRNAs, or viral proteins (E1A or E3gp11K) in Sur2�/� MEFs
at an MOI of 0.05 (8). However, CR1�, CR2�, and CR3�
mutants did replicate in Sur2�/� MEFs, although not as effi-
ciently as in Sur2�/� MEFs (Fig. 2). We also detected low
levels of virus DNA and virus mRNAs in Sur2�/� MEFs in-
fected with CR1�, CR2�, or CR3� mutant viruses (Fig. 3 and
4). We speculated that there might be a negative regulatory
factor that inhibited the replication of wt MAV-1, but not
CR1�, CR2�, or CR3� mutant viruses in Sur2�/� MEFs. To
test this hypothesis, we examined whether the CR3� mutant
could rescue virus replication of wt MAV-1 in Sur2�/� MEFs
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in a coinfection experiment. Although we could not distinguish
plaques between wt MAV-1 and CR3� infection, with Western
blots we could distinguish wt and CR3� E1A protein expres-
sion with a MAb that only recognized the wt E1A protein. A
mouse MAb for E3gp11K recognized E3 proteins from both
wt- and CR3� mutant-infected cells. We infected Sur2�/�

MEFs with wt MAV-1 or CR3� at an MOI of 0.1 or coinfected
them with wt MAV-1 and CR3� (MOI of 0.05 each). We singly
infected Sur2�/� MEFs as controls. As shown in Fig. 5A, lanes
1 and 2, we detected E3gp11K protein at 5 days p.i. in Sur2�/�

MEFs infected with wt MAV-1 or CR3�. These data demon-
strated that the cells were successfully infected. We also de-
tected wt E1A protein recognized by the MAb (Fig. 5A, lane
1). As expected, we did not detect any CR3� mutant E1A
protein in Sur2�/� MEFs infected with CR3� (Fig. 5A, lane 2,
and Fig. 5B, bottom, lanes 4 and 5) even after a long exposure
(data not shown), demonstrating that the MAb only recog-
nized wt E1A protein, not the CR3� mutant E1A protein. We
further showed that CR3� E1A protein was expressed from
CR3�-infected Sur2�/� MEFs (Fig. 5B, top, lanes 4 and 5) by
using a rabbit polyclonal antibody (AKO7-147) against MAV-1
E1A that can recognize both wt and CR3� E1A. The reduced
amount of E1A protein at 7 days p.i. in Sur2�/� MEFs infected
with wt MAV-1 (Fig. 5B, lane 3) is due to the cytopathic effects
at late times in infections, as observed previously (8). There
were no detectable levels of E1A or E3gp11K protein in
Sur2�/� MEFs infected with wt MAV-1 (Fig. 5A, lane 3, and

Fig. 5B, lanes 6 and 7), consistent with previous data (8). In
contrast, there were low levels of E3gp11K protein at 7 days
p.i. in Sur2�/� MEFs infected with CR3� (Fig. 5A, lane 4),
correlating with better replication of CR3� compared to wt
MAV-1 in Sur2�/� MEFs (Fig. 2B). In Sur2�/� MEFs coin-
fected with wt MAV-1 and CR3�, we detected wt E1A protein
(Fig. 5A, lane 5, and Fig. 5B, bottom, lanes 10 to 11). This
result demonstrated that coinfection with CR3� rescued the
E1A protein expression in wt virus-infected Sur2�/� MEFs.

In addition, we tested whether coinfection could rescue the
transcription defects of wt E1A in Sur2�/� MEFs. We singly
infected or coinfected Sur2�/� and Sur2�/� MEFs with wt
MAV-1 and CR3� as in Fig. 5A and analyzed the wt E1A
mRNA by RPA. Wt E1A mRNA was detected in Sur2�/� in-
fected cells (Fig. 5C, lanes 1 to 3). As expected, there was no
wt E1A mRNA in CR3�-infected cells (Fig. 5C, lanes 4 to 6).
We detected wt E1A mRNA expression in coinfected Sur2�/�

MEFs (Fig. 5C, lanes 14 and 15) but not in wt virus-infected
Sur2�/� MEFs (Fig. 5C, lanes 8 and 9), demonstrating that
coinfection rescued the defects of wt E1A expression at the
transcription level. In addition, the wt viral DNA replication
defect in Sur2�/� MEFs (Fig. 3) (8) and was rescued by coin-
fection with the CR3� mutant virus (data not shown). These
data indicated that the CR3� mutant virus was able to rescue
wt MAV-1 replication in Sur2�/� MEFs.

We also tested whether CR1� and CR2� mutants could
rescue wt MAV-1 viral replication in Sur2�/� MEFs, as did the

FIG. 3. Multiplicity-dependent defects in viral DNA replication of wt MAV-1 and E1A mutant viruses in Sur2�/� MEFs. Sur2�/� (�/�) and
Sur2�/� (�/�) MEFs were infected with wt MAV-1, E1A null mutant, CR1�, CR2�, or CR3� at an MOI of 0.05 or 1. Viral DNA was isolated
at the indicated times by the Hirt method (12). Equal amounts of DNA were digested with HindIII and Southern blotted with MAV-1-specific
DNA probes. DNA fragment sizes are indicated in kilobases on the right.
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CR3 mutant. We singly infected or coinfected Sur2�/� MEFs
and Sur2�/� MEFs, as indicated in Fig. 5D. E3gp11K virus
proteins were expressed from virus-infected Sur2�/� MEFs,
demonstrating successful virus infections (Fig. 5D, lanes 1 to
3). The MAb against E1A recognized wt E1A, CR1�, and
CR2� mutant E1A with distinguishable positions in the mem-
brane, as shown in Fig. 5D, lanes 1 to 3. The levels of CR1�
E1A protein ran slightly higher than wt E1A protein, as pre-
viously reported (29). We detected E3gp11K proteins and
CR1� E1A and CR2� E1A protein in Sur2�/� MEFs (Fig. 5D,
lanes 5 to 6), correlating with better replication of CR1� and
CR2� mutants than of wt MAV-1 in Sur2�/� MEFs (Fig. 2B).
There was no detectable wt E1A protein in wt MAV-1-infected
Sur2�/� MEFs (Fig. 5D, lane 4). In contrast, we detected wt
E1A proteins in coinfected Sur2�/� MEFs (Fig. 5D, lanes 7
and 8). The data indicated that, like the CR3� mutant, the
CR1� and CR2� mutants could rescue wt MAV-1 viral repli-
cation in Sur2�/� MEFs.

Replication defects of E1A null mutant and CR3� mutant
viruses in mice. The E1A gene product is a virulence factor in
MAV-1 infection in Swiss outbred mice (28) and inbred SJL
mice (31), as demonstrated by LD50 experiments. Since the
mSur2 knockout is embryonically lethal in mice (J. L. Stevens
and A. J. Berk, personal communication), we cannot directly
address the function of mSur2 in MAV-1 replication in vivo.
Therefore, we indirectly tested whether E1A-mSur2 interac-
tion is one factor that may contribute to virulence by infecting
mice with the E1A null mutant and CR3� mutant viruses.
Because E1A null mutant and CR3� mutant viruses lack E1A
CR3-mSur2 interactions (8), we tested whether there were
virus replication defects of these virus mutants in inbred mice.
We infected four different inbred strains of mice (SJL,
BALB/c, 129 Sv/Ev, and IFNAR�/�) i.p. with wt MAV-1, E1A

null mutant, or CR3� at 100 PFU. We harvested mouse brains
at 8 days p.i. and titrated them for viral yields on 37.1 cells. As
shown in Fig. 6A, the virus yields of both E1A mutants were
reduced compared to wt MAV-1 in all four strains of mice.
These results are consistent with higher LD50s of E1A null
mutant and CR3� mutant viruses in outbred mice (28). Viral
loads in the brains of SJL mice were about 2 log units lower for
E1A null and CR3� mutant viruses than for wt MAV-1 (P 	
0.0001 and P 
 0.0001, respectively). Virus yields from wt
MAV-1-infected BALB/c mice were 2 log units lower than for
SJL mice, consistent with BALB/c mice being resistant to
MAV-1 infection (10, 31). We did not detect any infectious
viruses in brains of E1A null or CR3�-infected BALB/c mice.
129 Sv/Ev mice are the parental strain of IFNAR�/� mice,
which are deficient for the IFN-�/� receptor. The virus repli-
cation patterns with 129 Sv/Ev mice were similar to those with
SJL mice, with about 2 log units lower virus yields from E1A
null and CR3� mutant viruses than from wt MAV-1 infection.
There was also about a 2 log unit difference between virus
yields of CR3� and wt MAV-1 infection in IFNAR�/� mice.
This result of CR3� mutant infection of IFNAR�/� mice was
consistent with results we have seen with E1A null mutant
infection of IFNAR�/� mice, albeit under slightly different
dose and time conditions. Those results were that E1A null
mutant virus titers in brains were lower than wt virus titers (M.
Moore and K. R. Spindler, unpublished data).

Previously we showed that the defective virus replication of
MAV-1 in Sur2�/� MEFs compared to Sur2�/� MEFs is due
at least in part to reduced viral mRNA expression, indicating
that mSur2 is important for virus gene transcription in vitro
(8). We tested whether there was a defect in virus mRNA
expression of E1A null and CR3� mutant viruses compared to
wt MAV-1 in mice. We infected SJL mice i.p. with wt MAV-1,

FIG. 4. Importance of mSur2 for viral mRNA expression in E1A mutant infections. Sur2�/� (�/�) and Sur2�/� (�/�) MEFs were infected
with wt MAV-1, E1A null mutant, CR1�, CR2�, or CR3� at an MOI of 0.05. Total RNA was isolated at the indicated times. The sizes of probes
protected from RNase treatment are shown by the arrows for each gene at the right side. Even with longer exposures, we did not observe wt E1A
expression in the E1A mutant-infected samples (data not shown). L32 and �-actin were used as internal loading controls. Yeast tRNA was used
as a negative control. m, DNA size marker; probe, full-length probe set (no RNase).
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E1A null, or CR3� at 100 PFU. We harvested mouse brains at
8 days p.i. and isolated total RNA for RPA of the virus mRNA
levels. We detected virus mRNAs (E4, hexon, E3, and E2A)
from wt MAV-1-infected mouse brains, but not from E1A null
or CR3�- infected mouse brains (Fig. 6B). Therefore, the
defective viral mRNA expression of E1A null and CR3� may
account at least in part for the reduced viral replication of E1A
null and CR3� in mice.

DISCUSSION

mSur2 is required for efficient wt MAV-1 replication in cell
culture (8). Here, we expanded the study of mSur2 function
with E1A mutant viruses. We found that similar to wt virus (8),
the E1A mutants exhibited a multiplicity-dependent effect,
that is, they were more defective in Sur2�/� MEFs at low-input
MOIs than at higher MOIs (Fig. 2 and 3).

Our data showed that mSur2 may function in MAV-1 rep-
lication via E1A-CR3 interaction-dependent and -independent
pathways. MAV-1 E1A CR3 is required for interaction with
mSur2 (8). Since wt MAV-1, CR1�, and CR2� mutant viruses
contain an intact CR3 domain, presumably there is E1A CR3-
mSur2 interaction in Sur2�/� MEFs upon infection. In con-
trast, E1A null and CR3� lack the CR3 domain. As expected,
we observed a replication defect in Sur2�/� MEFs infected at
an MOI of 1 with the CR3-containing viruses, wt, CR1�, and
CR2�, compared to Sur2�/� MEFs. Similarly, as expected, in
E1A null or CR3� infection we observed no replication dif-
ference between Sur2�/� and Sur2�/� MEFs. Although there
may be CR3 domain functions that are independent of mSur2
interaction, our data with E1A mutant viruses indicated that
the E1A CR3-mSur2 interaction was important for MAV-1
replication.

FIG. 5. The defect in wt E1A expression in Sur2�/� MEFs was rescued by coinfection. (A) Sur2�/� and Sur2�/� MEFs were infected with wt
MAV-1 or CR3� at an MOI of 0.1 or coinfected with wt MAV-1 and CR3� (both at an MOI of 0.05). Cells were harvested at 7 days p.i. and lysed
in E3 lysis buffer. Samples were analyzed by sodium dodecyl sulfate-PAGE on an 8 to 15% gradient PAGE gel and Western blotting with antibodies
as indicated at the right: MAb10B10 was the E1A antibody and MAb11H9 was the E3gp11K antibody. �-Actin was assayed as a loading control.
(B) Sur2�/� and Sur2�/� MEFs were infected and processed as described for the results shown in panel A. Rabbit polyclonal antibody against
MAV-1 E1A (AKO7-147) was used to detect the CR3� mutant E1A (top), and MAb (mAb10B10) against MAV-1 E1A was used panel to detect
wt E1A (bottom). (C) Total RNAs were isolated at the times indicated from cells infected as described for panel A, and RPAs with the probe set
that includes viral gene E1A, E4, and hexon and mouse L32 were carried out. The sizes of protected probes are shown by the arrows on the right.
L32 was used as an internal loading control. (D) Sur2�/� and Sur2�/� MEFs were singly infected with wt MAV-1 (lanes 1 and 4), CR1� (lanes
2 and 5), or CR2� (lanes 3 and 6) at an MOI of 0.1 or coinfected with wt MAV-1 and CR1� (both at an MOI of 0.05) (lane 7) or wt MAV-1 and
CR2� (both at an MOI of 0.05) (lane 8). Cells were harvested at 7 days p.i. and processed as described for the results shown in panel A with
MAb10B10 for E1A and MAb11H9 for E3gp11K.
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At an MOI of 0.05, we observed an E1A CR3 interaction-
independent function of mSur2. E1A null and CR3� mutant
viruses showed virus replication defects in Sur2�/� MEFs com-
pared to Sur2�/� MEFs (Fig. 2) that were paralleled by virus
DNA and virus mRNA defects (Fig. 3 and 4). Since MAV-1
replication apparently was not exclusively dependent on E1A
CR3-mSur2 interaction (Fig. 2B), these results suggested that
mSur2 must have a broader function in virus replication in cell
culture at an MOI of 0.05 than just the consequences of its
binding to E1A CR3. The defects of virus replication of E1A
null and CR3� in Sur2�/� MEFs (Fig. 2) were due at least in
part to a defect in transcription of virus early genes (Fig. 4).
The physiological functions of Sur2 might have direct and/or
indirect effects on MAV-1 replication. Further study of Sur2
functions may help to understand the E1A CR3-mSur2 inter-
action-independent mechanisms.

The fact that the E1A null mutant was able to replicate in
Sur2�/� MEFs at an MOI of 1 (Fig. 2A) demonstrated that
there was an E1A-independent, mSur2-independent viral rep-
lication pathway. hAd E1A CR3 is primarily responsible for
transactivating transcription of viral early genes (5, 6, 36). Berk
and colleagues have proposed that recruiting Mediator com-
plex to enhance the efficiency of transcription via E1A CR3-
Sur2 interaction is the primary molecular mechanism of func-
tion of the interaction (5, 6, 36). Our previous (8) and present
studies of MAV-1 infection using Sur2�/� MEFs also support
this proposed model. However, neither hAd E1A nor MAV-1
E1A is absolutely required for viral replication at high-input
MOIs (8, 9, 22, 27). hAd E4 open reading frame 6/7 (desig-
nated ORF6/7) can functionally compensate for the loss of
function of E1A (23, 26). Cellular E1A-like molecules (14, 18,
19) in the host cells may also support E1A null mutant viral
replication. Human CCAAT/enhancer binding protein � (C/
EBP�) has been shown to have E1A-like activity (30). It in-
teracts with human Sur2 (20), and hAd E1A protein can totally
block C/EBP�-human Sur2 interaction (20). It is possible that
MAV-1 E4 ORFd (1), which has 17% identity and 43% simi-
larity to hAd E4 ORF6/7 protein (Fang and Spindler, unpub-
lished), and/or mouse C/EBP� could compensate for the loss
of function of MAV-1 E1A in virus replication in E1A mu-
tants. Moreover, our data presented in this paper suggest
mSur2 has an E1A CR3 interaction-independent function.
Further study of the functions of MAV-1 E4, mouse C/EBP�,
and mSur2 may help to elucidate the molecular mechanisms of
multiple replication pathways of MAV-1.

We also noted that CR1�, CR2�, and CR3� mutant viruses
replicated slightly better than wt MAV-1 and the E1A null
mutant in Sur2�/� MEFs at an MOI of 0.05 (Fig. 2B), paral-
leled by virus DNA (Fig. 3), mRNA (Fig. 4), and protein levels
(Fig. 5; single virus-infected samples). However, it is paradox-
ical that wt MAV-1 had more severely restricted replication
than CR1�, CR2�, or CR3� mutant viruses. One model to
explain this is pictured in Fig. 7. There may be a negative
regulator that inhibits wt E1A functions during wt MAV-1
infection in Sur2�/� MEFs. Consistent with this are previous
data showing that the steady-state levels of virus early mRNAs
(E4, E1B, and E1A) in CR1�, CR2�, or CR3� mutant-in-
fected 3T6 cells at an MOI of 5 are higher than in wt MAV-
1-infected cells (38). wt MAV-1 E1A may associate directly or
indirectly with an inhibitor activity to repress viral gene expres-

sion, including its own. hAd wt E1A represses transcription
from viral (2, 35, 37) and cellular (11, 15, 32, 33) enhancers.
We postulate that the inhibiting effect could be relieved by
CR1�, CR2�, and CR3� mutant E1A proteins, for example, if
the mutant E1A proteins had conformational changes such
that they could not be influenced by the negative regulator. In
this case in the absence of mSur2, wt MAV-1 E1A would
directly or indirectly repress the transcription of virus early
genes, including E1A itself, by recruiting some repressor-like
activity. However, due to conformational changes of CR1�,
CR2�, and CR3� mutant E1A proteins, the repressor-like
activity would not be associated, and virus early genes could be
transcribed in the mutant virus infections. Interestingly, our

FIG. 6. Virus replication defects of E1A null and CR3� mutants in
mice. (A) Four strains of mice (SJL/J, BALB/c, 129 Sv/Ev, and
IFNAR�/�) were infected by the i.p. route with wt MAV-1, E1A null
mutant, or CR3� at 100 PFU. Brains were harvested at 8 days p.i., and
homogenates were titrated for viruses by plaque assays of 37.1 cells.
Each symbol represents an individual mouse. The dotted line at 2 �
103 represents the lower limit of detection of the assay. Data points
below the limit of detection were excluded from statistical calculations.
*, P 	 0.0001 and P 
 0.002 for E1A null mutant titers compared to
wt MAV-1 titers in SJL/J and 129 Sv/Ev mice, respectively; **, P 

0.0001, P 
 0.02, and P 
 0.003 for CR3� titers compared to wt
MAV-1 titers in SJL/J, 129 Sv/Ev, and IFNAR�/� mice, respectively.
(B) SJL/J mice were infected by the i.p. route with wt MAV-1, E1A
null mutant, or CR3� at 100 PFU. Brains were harvested at 8 days p.i.
Total RNA was isolated, and RPAs were carried out with probe sets as
described for the results shown in Fig. 4.
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coinfection data indicated that CR1�, CR2�, and CR3� mu-
tant viruses could rescue the viral replication of wt MAV-1 in
Sur2�/� MEFs. The rescued wt E1A protein expression (Fig.
5A and D) and mRNA expression (Fig. 5C) are consistent with
a model where there is an inhibiting effect (at least in part) on
wt E1A transcription and translation. hAd E1A protein binds
C-terminal binding protein (CtBP), a transcriptional corepres-
sor (4, 25). Even though the C terminus of MAV-1 E1A lacks
the conserved motif PXDLS that is required for interaction
with CtBP and thus is unlikely to bind to a mouse homolog of
CtBP, it is possible that MAV-1 E1A could bind to a cellular
protein that contains CtBP-like activity. We are currently in-
vestigating a cellular protein that potentially interacts with the
C terminus of MAV-1 E1A.

It should be noted that in the coinfection experiments at an
MOI of 0.05, only 0.25% of the cells (5 � 5%) would initially
have been productively infected with both viruses. Thus, it
might appear surprising that we were able to detect the coin-
fection (as indicated by the presence of wt E1A mRNA and
protein) (Fig. 5). One possibility is that coinfection was indeed
detectable from that very small fraction of initially coinfected
cells. It is also possible that multiple rounds of infection and
coinfection occurred during the 7-day time course. However,
we favor the explanation that because the particle:PFU ratio
for MAV-1 is 1,000:1 (31), it is likely that �0.25% of the cells
were coinfected with MAV-1 particles. In any case, we found
clear evidence of coinfection, since wt E1A expression was
rescued by E1A mutant viruses in multiple experiments.

MAV-1 E1A is a virulence factor in mice (28), but the
mechanism of E1A virulence has not been elucidated. Due to
the unavailability of Sur2 knockout mice, we tested indirectly
whether the E1A-mSur2 interaction is one factor that may
contribute to virulence by infecting mice with E1A mutants.
SJL mice are susceptible and BALB/c mice are resistant to

MAV-1 infection (31). 129 Sv/Ev mice are the immunocompe-
tent parent strain of IFNAR�/� mice, which are immunodefi-
cient, lacking the interferon-�/� receptor. In all four strains of
mice, the E1A null mutant and CR3 mutant viruses replicated
at significantly reduced levels than that of wt MAV-1 (Fig. 6A).
This suggests that the reduced level of virus replication was
due to a defect in the mutant viruses themselves, rather than to
host-specific factors. There is no E1A-mSur2 interaction in
E1A null mutant- or CR3 mutant-infected mouse brain micro-
vascular endothelial cells (8). Endothelial cells are a target cell
type in MAV-1-infected mice (7, 16). We further showed that
there is defective viral mRNA expression of E1A null mutant
and CR3� viruses in mouse brains (Fig. 6B), which correlated
with the virus replication defects (Fig. 6A). This defect in viral
mRNA expression might be due to the lack of E1A CR3-
mSur2 interaction, since Sur2 is primarily responsible for
transactivating transcription of viral genes through interaction
with E1A CR3 (34). Although we cannot rule out the possi-
bility that other functions of E1A CR3 besides its interaction
with mSur2 also cause the virus replication defects in mice, the
results support a hypothesis that E1A CR3-mSur2 interaction
is critical for virus replication in mice, thereby contributing to
E1A being a virulence factor in mice. An MAV-1 mutant that
is only defective in binding to mSur2 may address this question
directly.
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